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Abstract

Caliper-type brake simulation experiments Were con-

ducked on seveh different carbon=g_-aphit0 n_aterL_l formula-

tions against a steel disk msterial and against a carbon-

graphite disk material. The e£fectJ of binder level, boron

carbide (B4C) additions, SiC addition_, graphite fiber addi-

tions, and graphite cloth reinforcement on friction and wear

behavior were investigated. Reductions in binder ievel, addi_

tions of B4C , and additions of SiC each resulted in increated

wear. The wear _rate was not affected by the addition of

graphite fibers. Transition to severe wear and high friction

was observed in the case of graphite-cloth-reinforced carbon

sliding against a disk of similar composition. This transition

was related to the disruption of a continuous graphite shear

film that must form on the sliding surfaces if low wear Is to

occur. The exposure of the fiber structure of the cloth con-

stituent is believed to play a role in the shear film disruption.

INT/K)DUCTION

High frictionforces resultingfrom heavy unit loads and

high slidingvelocitlesproduce large quantitiesof energy in

such mechanical components as clutches, brakes, sliding-

element bearings, and under certain conditlons_ seals. In

terms of rate of enerb._ dissipation, the most severe situation

is probably to be found in aircraft brake systems. Here typi-

cal brake applications require the sliding interfaces to convert

about 4200 Nom/cm 2 (20 000 ft-lhf/in 2) of kinetic energy per

unit area to heat in appro_Amately 30 seconds (1). Unless

improved materials for brake Linings are developed, the trend

toward heavier aircraft will result In either shorter brake

lining lives, which will increase maintenance, o_ larger brake

lininga_'ea, which will increase landing gear weight and bulk.

The life of currently used air'craft brake lining materials

Is determined by wear, which in turn is sti'ongly delSendent on

the temperature experienced by these materials daring sliding.

This tempcratur_ depehd_nee is due largely to ioftening of the

metal binder (usually _opper or Iron) present in the eiJrrently

used brake lining composite materials (2). In addition, the

thermal cycling promotes cracking and spallatinn, which re-

suits in accelerated wear (3) and oxidation.

In view of the problefus associated with metal-based com-

p_sltosj two properties that a superior material for use as an

airel "t brake lining should possess become a_l_afcnt. These

properties arc (t) significant meehanie|il st'rength at tempera-

tures approaching 1100 ° C (2012 ° F) and (2) a low thermal cx _

panslon coefficiuntto reduce thc-rrnalntf-'_s6"_scaused by terns

perature gradiehts, improvement_ in the/so two properties

would result in reduced wear_ provided they are not accomplr-

riled by reduced thermal coticructiVity, reduced volume specific

heat, or tendencies to gndergo adhesive we/It.

There are several material apl_ro/tdhes that alight be con-

sidered from the standpoint of these req_temerits. ,/kinong

them a_e the use of ceramics rather than metal-based com-

posites and the substitutidn of higher temperature metals for

the currently used copper (4, 5). The approach considered

herein is to construct part er all of the brake system (liniv._

and heat-sink material) of carbon graphite. Carbon-graphite

materials have demonstrated good frtctidn and wear properties

in that they are nongMllng and tend to be sell-lubriCating (6).

Their attractive thermal properties lndlude a conductivity

comparable to that o_metals, /tvery high mass specificheat,

a thermal expafislon coefficient about one-half that of copper

based materials, and alenost a 100-percent rete_tion of me-

chanical properties at tefnpefathres to 1100 ° C. IIowev_r,

like the ceramic materials, the carbon graphites db tend to be

brittle. Another potential problem with carbon-g_aphite mate-

rialsis their susceptibflltyto oxldatldn (7).

This work was conducted to d_et_mine the frictionand

weltr behavior of a s_ries of carbon-gz_aphite materials in a

high-energy friction situation, similar to that encountered in

brake apl_lieations. The materials selected for this study are

intended to show the effects of concentration of carbon binder,

changes in filler constituents, addition of an oxidation inhibitor,

and the presene_ of a graphite cloth reinforeeme|lt on high-

energy friction and Wear.

The investigationWas performed on a callper-type braRe

simulation apparatus. Sliding speeds to 31 m/se_ (100 ft/sec)

were used with typical nor_ai unit loads of 88 N/cm 2 (127 psi),

comparable to those conditions enco(mtered in landihg opera-

tions. Hence, the frictlonalheat generated per unit area was

of the same order ae that in actual alrbraft brake applications.

Wear rates were based on w_ight less measurenients after

Sliding. Friction was continuously recorded for alle_cri-

monte. Optical and eCmmIng electron micros_d_y (SEM) were

used to help identifythe wear mechanisms.

AP]PARATUS

The al_paratusused in this _tudy is shown in Fig_ I. It

coneistcd of a 35.6-cmo {14-in.-)dlamctc'_brake disk driven

by a 30okW (40ohp) electricmotor. The carbon-gra'phRe pad

specimens were Ioadcd, caliperfashidh, againstthe disk by a

pair of hydrauiic cyIInddr_. Bo_ specimens were fuilyIoltdcd
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ORIGI_AL PAGe) lb

agaialmt the dl@. within ion, thkn 1/2 mooond ot onl* anUihor.

The KI'||) arm¢*itb[y col|t&ined a INtJl-lll-mockot ntoutltihg to ptxl-

','lde t_)l" Mpec'inlell _llltOlllellt Wlt'h t'Ol$1,1Oc_ it) _10 dl_k. The

supl_l_ holding tile _pt, eimenm and Ik)'draulic eylindor_ Was

ml_lpondcd frmu the dttltionary frmnt,_.'ork by a pllir ot flollble

plato u_semblio8 t width allowed Ior the tranmuJutston of the

friction force to a 0trtdn-gtl_o riui_ nxolmtod on the fl*lllilOWork.

The l'oilllional speed lUld nol'qlliil fort'e _.J_'131'll |.he lspooinloll

illltl the dl_k Wt're ltlm) M0atsurod.

The oNperitllelltU[ Clli'boll-i_ruphitc pads were 2.54 0111

(l ill. ) ill tlilxnlcier "¢,lkh it 0.9,_-Olla- (;I/8-in.-) dl&lllettr hole

in the te,ier for lllOUutitl 8 ptlil)osos. All antlrotatton slot wuJ

provided oil £ht, bltek of t':leh |)tide ils Wits It iht'rlllOCi)ull|e holt,

thui a[|owed for [*.'lllpl'l'l_llre i'eudillgts lit 11 dt,lX]l of I to

1 . D II1111 (I). 04 to 0.06 i|l. ) btqo%v thl" 81idlllg ;SL[VI'iICI_ ill _,lle pad.

Frictional force, normal h)ad thydraulie ptx, ssure), disk

speed, mid the temperature indlc_/od 1)3" the thermoeouplos ill

ouch plid were constaaltl,;' recorded. These illeiltittrt'd dat/l

were siippltmt,ntod by dlr¢¢t obser'.altlon of Ilolse h'v¢l dui'lng

8[idinll , occurrence of _l_ll'killb _ or burning of pud nuRerial,

aud generation 05[ loose debris.

MATEIIIA l_

The kuown plXqlertit, s lind VOllllx)sitiOllS Of the ex])orinletl-

tld ilari_an-}_raphitt, pad materials are Mlowe 111Table I. With

iht, exception8 of graphito-c|ot.h-reint'orced ¢omlx_site (GC RC)p

I_uxmat,cd graphite (BG). and the graphite-SiC colulx_ite, the

|)roeesshtg of these tarlx_n-gl'upldtc Illll_el'llkl8 WIts siluilar (,_)

and is brletb" stmunur|zed here. The fllh, r mid bitlder eonsti-

tUt'llt_ were Illi?ied ill tilt" illdioattd prolx_rtiolli % illld Slit" mix-

lllre wus llloldtd tltldt, r tile |ridiculed i¢lll|leruitlre and presfllre

conditions. The eoll/puets wet0 tllt'll heat il'elltod ileeol'd|ng to

it cuet,fully eOlltl'olh'd heuttll 8 lllld cooling s¢h(,dulo durlllg

%h'hich ;% ll_UXillllllll teillllei'utllre el 2,_00 O l" ('6072 ° F) w_18

rel|ehed lllld h¢,id for | hour. Dtlr|ng the helltill_" ¢)Cit', _x_IU-

tih' silb,_tlllleets [1%)1.1 tilt' bitldtt" were driven oil, Iv;l%J_lg I>,*-

hind it ettlll|_lth'l 3 c;It'L_,_llt;_ed binder phatse. At the eMretne

ten/porature.% sol/le Kraphltiixution of th¢ biud¢r its arise e.x-

porte ,I ill O¢¢llr (Pl,

The GCIiC lllatet'utl wu_ prcpltred by biudBig ht3'ers of

s_oven gruphitc eloth together, tile binder being a pitch mate-

riu[. The t'oml_sih' Wuts thell stibjotted to it hWJi-t_nlptn'ature

heat trt'atnlt';It dt.rillg which the binder between the ¢luth pHeA

Wit.'4 ettl'bs_l_| zt_d.

The BG tuatt'rial its it highly graphitie tnairil nl&tcrl_l

with tilt' t_dditmn i_( ttpptx_.ximlit¢ly 10 l,l, rtent /by weight) of

II_llX)ll ¢iicbtde /[I,tC ). Tilt, llilltier utst,d W_t, coal tilt" pitch, a

tnaterls[ that exten:du,[3 grltphitllts during the 2,'t00 ° C treat-

nlt, tlt. The t'.xaet |)roll)l'tiotl of pitch bindiw l_ tuikllown but it*

bt,ltt,_,d to I_, nl_mt :it) pro'in b> weli*lht per 100 plli_ of gra-

phtti,' {tiler tllutertR|.

llrit0hltt, still'tilt elirhide ¢OliV_s_l_ltet_ "_/el-t,/_Sillt, t| _lxllll &

ttlllllllt retal tstlllrre. Tht t lllzllel'|lils Wl, l-t_ forllJild in a vhotlll-

CRI ValJt,v dt'|_ut_ll loll [urllitt t' l'rolll Illeih&iii* _d Illetl_yltr|-

clflor_|tl_,le ff_s mLltutmt, mid the pt_col_ was cdrriod out _I

tomp_rLturcl of aleut aS00 ° C. Morl2mlogic_lly, the graphRe-

• tlicon ca?bide OOlllp_)sitOi_ t'on_|_ed Of SiC llOedles ill a py_-

b'tie grapRRo nl_trlx. The n_edlc orientation of tal0 graphlto-

stllcotl carbide brake t_d_ wa_ roughly notarial to the sliding

sulfide, The ¢olm_ntration of _IC lu tile pyrulytte graphite

nlatr_ Wa_ eontrullod hy varyl_ the procc_ tempt, ratttre.

Two SiC ooncontratlon_ wore e_lluatod in tills _tudy, nmnely

15 m_d 40 wo_ht percent. Graphlte/_Llioon carbide comfxasiten

t_how lntproved oxidation ahd erutlt0u re0i_tanee eolllp_t_ed to

grapltltle materials, and were th0rtfore considered likely can-

iLIdates fur hupro%_d high energy brake lining materials.

'1her disk materials were used: 17-22 steel {currently

used uir¢l'zll_ brake disk n_aterlitl) and a graj_hRe-cloth-

rehlforecd ttlrbiH1 nlatol'|Ld {t_lllllhlr to tile GCI1C. pud lllllte-

riall. The noluLnul composition of the 17-22 A8 _¢el war:

Fe-O. 3C-I. 3Cr-0.5Me-0.25V. It wlls heat treated to it hard-

hess o[ 45 l{otkweil C.

PI_)CEDU IUd

The cxl,x, rltuental carlxm-graphlte pad speetnlcns wcrc

dry machined to a 0..i-/atu (10-/ain.) surface finish, lightly

8raided on dry 600-grit i_llishing paper, mid then burnished

againtst u lint-free cloDi. They were next baked at 200 ° t."

(,_02 ° 1.') for 2 hours in an t,fftu_ to dt'ixx_ oft" residual contmui-

hunts, l:ollowing this treatment they were stored tn a de_sio-

tater until t'emovtd _or testing.

The 17-22 A8 steel dlsks were gruulld to a 0.4-kllll surface

flllish lllld ehuuled with triclllotx_etlwlcnc before use in It test.

A fresh steel disk WSS osod for _'ueh pair of ellrbon-gral_hit¢

pad 8p¢¢lllle[lts. The graph[tO-ch)th-¢onlpos|tt _ disk8 wet'o

used Jal the as-reeel,¢t'd txllldltioll, ltlld ill) tsolvont treatmente

were applied I_,fot't_ testing. Because of the linlited nlllllbor of

graphite-cloth-reintore¢d comlx_slte disks aval|abh,, it was

llt, eesi.i;Lry it) roll lilt)re th0at olltt test with each d|sk.

The wear t-alctl|ltiio|l,_ were blltsed on pretest ruld ixmt-tt, st

weight meamirelnents of th¢ |rod tsl)¢c_lllellS, Since typical

weight lo_sea w¢.|'¢ of the order el ,_eVOl'al in[lllgranlts, th¢r¢

wRs lx)neern al_)ut t,ho effect of tnolsture ttb_orptton on th¢

welgM measurvments, it was i'ound that, Wlthhl I hour after

L,akeout, the pad wi, ight ,tabllized; l'urthor extx_sut'e to labo-

raterS' environment fox" eteveral days r¢sulted l|l weight fluttua-

tlollls of 1 nlg (2J() -6 MIb) or let, s. Thus. I hour a!hu" rt,-

ltmval [rain the de_iccaIor, the prt_-te_ w'eight m6amLr¢lutntu

were mad0. 8tlullarl3. , th0 i_)_t-tc_t weight nl¢,aaurltments

were iliad0 applx)xDxltlLe|y 1 Ik_ttl' after a sliding P_JOstlrt,.

After the pret0_t @_l¢flat tllefll_ttro|llt, lits. the Bi)Ct'llllt,ll_

were fll_ened Inlo the I_/*Idt_t'l, thel'llxoeouples Wt,rt, int_erted

ill # holt in the I_tek of t'ath p_ttl,titld the pads Were loaded

agalnm, tht_ it_tionarT tlll_k mlrfm, t. The ballqn-sotket Jointts

wert t tightOh_d, mid th6 pad_ were unlotlt_¢|, The l_ll_.131ll/ettS

were thun xlinvd with remp_ct to the dlaR m|;{aee.

Three typt, e of brake te_tm were oondutgt,d |n thlt_ int;¢_tl-

gation. The flr_ t33_ wae dt'slghod to |ndtcatr tho frl_lonil



ht,haviorol tho pad m_oriall undor eonditionm of varied mllding

sp'.'cd, The U'_t p_ttura eo,isl_.t`d u_ t_.rt_u m_xul,tod-mtop lp-

plicatiuns followed by throo eon_tmlt-_ix_ed appli¢_tionH, fol-

lowed by iI IiJlal simulafcd _top. The sltlmJ_tcd t_op wa0 ¢,on-

dutte4 bb' driving the di_k at 1,_O0 rpm, which gave _ 31-m/_c

surface s}x,t,d. The motor p_wt'r was thou _'Itehed off a_td the

br.._ke pad_ were Loaded agaln_ the disk with a 7fifi-N (172-I_)

force, 6t'tLktJlg thc di_k and motor rotor to a _tup. The

const:mt-spccd applications were pcrformt,d by loading the

pads with It 765-N nursed force against the disk for I0 _lce-

ends, with tilt,disk drix'cn at coBstmR spced. The t.hrcc

¢onstm_t-sp*,ed applications wore at 31, 2i;, and 20 nl/nt,c

II00, 83, mid 67 R/see). The pads were viauall), lnsp_,ctod

th_ tile hoidt,rs_ ;_ftcr the fh'_t threo shnulm.cd-_op exix_aurcs

to tlelertllillt, whether they wt,re dttmagt.,d or oxcet_ui'et, ly wol'll

L't,foru tilt, 3 were Stlb.h,¢._.t2d to tlle more severe eon_ftfit-sp¢cd

t, xt_._su l-c s.

The second tom pattern was a load-variation Lest con_isl-

l_lg of sequential b loading the pads ultder illcrelllcntid.iy 1.ti-

crea_ed nornnd loads what the disk w0s rotatt`d at a eonsttmt

26 la/_t`c. Tile normui ioluia wt,rc 186, 227, 302, 3S2, 422,

.t62, 502, uud 5.12 N (.t2, 51, 68, _6, 95, 10.1, 113, amt 122

Ibf) and the eontuct t(luc was 10 seconds.

l"inaiiy, the third type of te_t wa_ conduded by subjecting

tilt" cxp¢,rimentai p,'td materials to a .122-N normal load mid u

"(i-tn/scc sliding vcMcify for rut unintcrruptt,d exposure of

60 seconds. Thc motkxttion for this typc of test was to doh, r_

ltlinc whether frictional trtutsitiolis luld chmlges ia wear much-

artistes might act'olnpuny pit)longed _iidtng c_fx)aures,

The l_lt'usul'ed weight losses for each i3"lx, of tout were

tranMntrd into wear _aflumes. The, wear volmltes were then

tlividcd by the frictional era're.3' dissipatt,d during sliding to

_ti','e a s_cil'ic "_¢ear rate which "_','t_ulfl reflect Lx_th t_lt. wcur of

the pad matcriat mid it_ pertotm_anco a_ a bridce. The |Y.ht

,_lidilig stn'facev wevc thclI photographcd_ mid ill SuSie caacl_

SCAllllill}_ t'leetlx_n Uiiel'o_copy obser_,'atiol_t_ of the sltdtn}X t_ur-

faL't` ft'_lttll't'.'4 Wl't't" lllitd¢'.

I{I.;SU L'l'S A N1) DISCUSSION

General l"ricthmul Behavior

'Flit' carLxm-grapht_.e - high-binder leG-lIB) material

m,r'ct'd _t6 It s_tuldaud ill thi._ cxperimeuta[ study (tholq_,h it i8

not a Mate of th(, at't Biatt, rlal) t'of the comparison of the fric-

iron _md wear behavior of tilt' dtfh'reut carbon-graphRv formu-

I;|tiIM,.._, Figui't,s 2(a) IUh] Ib) .qhow _tt'it't[oll data ob_a[/led whorl

CG -lIB was ",ihJt,ctod to :dhting agatn_ the 17-22 AS _('OI

dizk IX'ti.Le' _tl_Itlx SoB/e t'Xet'lAIOl_S ' to I)e nott.tl laterl thesl _,

rt, mdts t !a[ of tile friction behavior exhibt[t,d by teem

of tht" _': *graphitt. tnatt, riahl durlBK siit_,llg i_Aill:_t I_th

tht' i';-_._2 AS ,qtt't'| and gr;tphite-t.itRh-rt, hliorced _)sk IlIBte-

rial:i. Tilt. Irit'tio¢l wa_ _,t't 3 Stilt)ugh Ittld utliforlB {frit'tioo ¢.'tl- '

t,ffit_ieut, V " O. 13) ditring tilt'con_tant-sp_:d e.,qxlalirOs. A

_h,'.ht il,ert`unc in i'ril'liOli tic p _' O. liP, _'aa observed toward

Lilt, t,nd tit tilt' _it)ll. Holler, t,_lti lllost Of the frtt_ion tnerelsl,

took i)[:lt'l' afl.t:t, the. _lltdfng ,_pevd hall bvt, n ri'iliJci'd if) lilt)tit

18 m/lloc (52 ft/llocJ, _ll _ll,,w_, In Fig. ;_(b),

Whtm the carlJofi-gritphRt, lnatcl.ialu wert, subJec_,,ed tt)

sliding ill I loid-%_lir|llLloli tullt confit_lragi011 i I_)lBcwhat lower

vulues of frlellon wt, l'l, llleisurl2d_ IS Indicated ill thc stlnlllliit)'

uf frlctlon-ilgliLfll-load re_ultn shown In Tublc ll(a), Furtht`r-

more,) the vilriIRlon of friction cocfficient with norilial load

wall irrotBlhlr, wlth the valucB of frictioil coefficlcat ul_uully

bcJlng higher tllidt_r high BOrlBal ioKdtl thtul llder low normal

load_. Comparing Tablc_ ll(a) and (b) shows thin MI carbon-

graplflti., materials, with the exc¢3ptioii of GCRC, c.X-'lx, rieneed

higher friction when $11ditlg aguiilst tile gralShlt0_cloth-

rchfforccd disk thtm aguin_ the 17-22 AS _edl dl_K ulaterial.

Under proloBged, hig]l-nornlil-load 8|iditlg coliditioils

against 17-22 AS stee}, disks, the cnrb0o-graphitc nlatcrials

u_uaity ittldc_vent a trmlsition to high, rough friction. The

remtlts shown In Fig. 2(el arc typical. Tilt. load In this east"

was .t62 N (104 llxt" I. After about 20 st,oolids of sliding, COll-

slilerailk_ vlbrRtion Lx, gRll to ap_ltl" ill the frlctioutii forct`

llielisurenlent) 118 ilidielRcd by the t_ide band tit friction values

after about 28 gecollds. After 30 sccoild_ the friction wlts

cieurb' rising and tm audible t_qucltl ac¢onlpltniod the mtlch

larger vibration. At the end of the test, al'_er 35 seconds of

sliding, tht, coefficient of friction was abt)ut 0,25, compart, d

to tl.l(i aL tile bt, ghuiing, Details as to the magliitude of such

trmmltions told tilt' time tx, qaircd for them to occur _nlried

fl'onl te_ to tc_t mm did not steal to L)t? a fttttctlotx uf the

carbon-graphite pad material formuhitlon, lit some cases

these transitions wer0 sccn to be revel'aiblc - the friction ix,-

turning to a cable close to that inithtll3' observed laid again be~

coming smooth. Ln other eu_es the frictlon b_'clm_t" so hlgh

_uld the vi_t'i_tlon _o st, vel-e that fracture o_ thc pad matt`rlal

oceLtrrcd.

The wt`;_r r_,mtlt_ sut_l_t_,rPLt,d in "F0,blc Ill ln41ct).te tht_

8Utile of the carlx)n-graphite inateritd_ e.xhibited exceptionally

severe weor when sliding against 17-22 AS M;t;el ill either I

load-,¢liria'_._on or a pl'olonged-extx_mlre test, hut llc%',.'r ill u

sinlu[l_t6d- stop - s}x, ed-%atrlation tet_t. The genoratton ol

sparks, which is tndicatl_a, of o._idation lit tht, intt, rfnce, wqs

obt_vr_,ed to acdompat_y the st,yore weur. The _park_, mid

pt'ohably tBust of the wear) occurred during the heavy load ap-

plications of the Ioad-_triation tests and near the end of fill,

B0-sec_md appitcations whetl bulk i_td tempura_ilf'es of 150 ° tu

200 ° C (31)2 ° tO 392 ° F) weft" mt,asurcd. The wt, ight ehmfge

incurred during the_e eXl_)mil'e_ wns usu$113' llluch higher lhtul

thltt rt'.milthli_ ill, rot tests in which t_pllrking wal_ not observed,

Imd the hulk of the Itpoc-tlllen weight loss ino_ likely re_u]led

if'out oxidation rather tht_l slhlhlg weltr. These ret_uits were

not included ill flit' t,idctihltioll oi ave, ridge %_'ear rate's, but l.he.ir

t)e,2Ul'renctt is nlhrnlftt'lUIt in lt.'.ll.it'SSllIK tht' i_.,rl\lrnxance of tht'

(,,%l_t,flnll_ntiil eiirllon-graphlt¢, nllltt, rlllls.

.Nurfat-e _h011r .]l.yi'r I)bl_crvllthlntl

ttill[t,,_ (if the mu'faet, chal.actt`rirttic._ of the eal'|ltiB-

tl-apliltt, pads liidh,alo ihlit durhig slidinl4 tht, sheilr ill, till tdat, e

ill a thin Fl't)rlt'lttt't| lll)l,r that [t)l-ill<,_ (Ill l.ht? pad stt,_[al.,t , , Thi._

!

....

I
i



concept is discussed in Refs. 5 and 10. Figure 3 shows the

surface condition of s CG-IqB specimen after a combination of

simulated-atop and speed-variatlon e;q)osuresagainst a 17-22

AS steeldisk. Tillssurface istypicalof "allthe carbon-

graphite slidingsurfaces 'aftersuch slidingexposures, In

these eases, transfer films were also seen on the disk sur-

face. Very few f0atures wore apparent in the reoriented layer

that developed on the carbon-graphite pad slidingsurface.

When viewed in room tightthe layer exhibited a mlrrorllRe

polish.

After exposure to conditionsthat produced the type of

transitiondescribed in Fig. 2(c),the slidingsurface of the

carbon-graphite pads showed a distInctlydifferentappearance.

On a microscopic scale the slidingsurface of the pads showed

elongated 'qJlisterlike" features that had a metallic appearance

in room light. These features covered about l0 to 20 percent

of the surface, the remainder having an appearance like that

in Fig. 3. Examples of these "blistered" areas are shown in

Fig. 4. Here the '_blistered" areas are seen to be regions

where the shear layer is disrupted; some structural detail is

revealed by the way in which the layer breaks up. The shear

layer is seen to consist of distinct sheets, probably composed

og preferentially oriented graphite. Regions of graphite sheet

thathave buckled and fractured, with resulting separation

from the substrate, are revealed by the "glowIng" white areas.

The transition to higher friction may then be related to the

disruption of a dense, continuous surface shear layer com-

posed of oriented sheets of graphite. According to the liter-

ature, disruption can be induced (1) by the desorption of water

and other vapors from the shear layer (6,11) and/or (2) by the

disruptionof the surface oxide present on the metal disk (i0).

Once the shear layer is broken up, the pad slidingsurface is

composed of rzu,domly oriented carbon and graphite particles.

Unless the shear layer isr_stored, slidingwill continue to be

in a high frictionand wear mode.

Figure 5 shows the surface of a carbon-graphite pad after

very severe slidingOa > 0.5) with heavy wear. No coherent

flhm exists, and there are pockets of loose d_,brtsparticles

at various [ocatlonson the surface. On a macroscopic scale

the slidingsurface of the pad exhibits a matte appearance,

typicalof the surface of carb_fi-gr'apl_itcmaterials after

undergoing oxidation. The frictionalheatingwas such that

pad temperatures of 150° to 200° C were measured at a l-ram

depth l_Iow the sliding surface. Simple heat-transfer con-

siderations indicatethatthe temperature could easily exceed

600° C (1112° F) at the slidingsurface, which would promote

oxidation of the _uriacc regions.

Comparison of Wear Results

Wear rcsuit_ for the cxpcrinmntal pad materials arc

shown in T_d_les Ill(a) anti (b) _or sliding against 17-22 AS

steel and graphite cloth rei_dorced composite disks, respec-

tively, and average wear measurements arc summarized In

Fig. 6. Despite the rather large scatter in wear data, some

systematic trends in the wear of the various compOsitions do

seem to emerge. For purpe,_(;sof comparison, rc,q_Itsob-

talned from a currently used copper based aircraft brake ma-

terial (5), tested under conditions similar to those employed

heroin, showed a wear rate about an order of magngudc

gr¢_er than that of the CG-HB material.

Effe_ of binder level. - The effect on wear of vatting the

amount of pitch bindcr hi the prebake mix may be seen by com-

paring the performance of CG-HB, CG-MB, and CG-LB (car-

ben graphite with high, medium, and low binder levels, re-

spective|_,). For sliding against both the 17-22 AS steel and

graphite-cloth-reinforced composite dicks, the mediutn-

binder-level material (60 parts by weight per 130 parts filler)

CG-MI] appeared to show a higher wear rate than dither the

high- or low-binder-level materials (CG-HB and CG-LB).

There are three factorsthat mlght accotultfor the ob-

served wear trend. First, tltegraphite shear filn5formation

properties of the carbon grkl_hitemight be adversely affected

by increasing the bInder level(thilsdecreasing the overall

graphite content). Second, the higher-binddr-leqel carbons

are more prone to oxidationbecause of the less graphitlc

structure and the greater porosity associated with the binder

constituent. (No sparking was observed during the tests on

CG-LB. ) These two factors explainthe Increased wear rate

of CG-MB compared to CG-LB. The third factor associated

with the binder levelis a general improvement in mechanical

properties that accompanies an increase in concentration of

the binder constituent,as is shown In Table I(b). This factor

is probably responslkle for the reduced wear rate of CG-HB

compared to CG-MB.

Effect of chopped carbon fiber addlttons.- The addition

of finelychopped carbon fibers to thefiller(inplace of the

nongraphitlc component) of the high-blnder-level formulation

(CG-FF) resulted in Some reduction in wear rate during

slidingagainstboth disk materials. This may be seen In

Table 111by comparing CG-FF with CG-HB.

A pattern of increasing frictionwith time of application

was observed when CG-FF was subjected to slidingagainst

17-22 AS steel. None of the other carbon graphites exhibited

this phenomenon. Also, as shown in Table ii, the highest

frictionagainst the graphite-cloth-reinforcedcomposite disk

was observed in the case of CG-FF.

An SEM study was made of the features present on the

surface of a CG-FF pad which had been subjected to slldin_

against a 17-22 AS steeldisk. Fiber segments were vlslbJe

on the wear surface shown in Fig. 7, and there were signs of

interaction of the fibers with the film formed o,r the pad sar-

face. In particular, surface striations can be seen in Figs.

7(a) and (b), which suggests ,_a_abrasive interaction between

the fiber segments and the sliding surfaces. The interaction

would have to be caused by loose, broken pieces of fibers as

they moved out of the contact area. The fibers constitute

comparatively hard, discrete bodies on the slidingsurface

and have sharp corners and edges generated by fracture.

Loose, broken fiber segments certainly have the potentialto

mechanlcall3 disrupttht,sorer Iow-shear-_rength film -

/::!I
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much as im abrasive would. It iS a queutlen of fiber oonct:n-

tratlon as to whether thi_ effect will result in a :,;gh:,r macro-

_copie wear rate.

Effect of B4C additions - B(H'Oll carbide Is added to me-

cha_de:tl carbons in order to improve their hlgh-temperature

oxidation resistance (7, _). Table lit(a) ._how'_ that tile carbon

gt'aphitq with B.tC additions (CG-BC] under.'clot s higher wear

vatv than the basic fornlulation (CG-ItB) when sliding _gain_Z

tile 17-22 AS steel disk material. The higher wear rate was

most likely the result el abrasive action by particles of B4C

additive. However, when considerhlg a full-sc',tle brake ap-

plication, a trade-off must be made bet_,.cen material loss due

to higher wear at the sliding surfaces and loss of prvpcxl;ies

due to oxidation. An increase in the former may I_ more than

compeusated lot" thtx_ugh i_uprovcd oxidation resist,men :if~

forded by the B4C additions. Indeed, no instances of spark

generation with its associated hea_ 5' oxidation wear were ob-

served with CG-BC. Firm conclusion,_ regarding the benefits

to be obtained thtx)ugh B4C additions to high-energy-brake

carL_Jn fot'mula_ions require full-scale exlx, riencc.

Friction and wear of graphite-cloth-relrtforced com-

_. - The graphite-cloth-rei_fforced composite (CGRC)

pads were the most wear resistant of the expcrhnental carbon

materials when sliding against the 17-22 AS steel disk mate-

rial. After a sliding exposure, the pad sliding surfaces had a

polished appearance with the structure of the graphite cloth

apparent, as shown in Fig. 8. The continuous fiber structure

of the entail)site had remained essentially intact with a con-

tinuous t'ilm smeared over the sliding surface. Figure 8(b),

_m 8EM photograph, tdaows the fiber structure barely visible

tbrough the surfzlee film.

Tile friction and wear of GCRC pads it_ sliding eontact

with the graphite-eloth-.rei_dorccd disk wcre markedly diHer-

Slit lrolll the prt'eeding rezmlts. Even though v.'t, ar rates to the

pads (fable Ill(b)) were )lot sk_lffic.'mtb' highcr, in,lances of

unstable transitit)ns to severe weal" _ld high, Irregular fric-

tion (not ref|ectt'd ill the v'tlues shown in Table 11} were ob-

scrvcd, l"ul'thernlorc, these transitions scemed to be irre

ver_ible. ']'hAt l_, once they occurred, st'vere weal" :rod hig:_

friction were observer2 on subsequent Siding exposures, even

:ffter sufficient time interval." to allow tot" spcehxqen cooling,

au shown in Fig. 9. Tilt'severe wear was accompanied by the

generation oi t'louds of loose carboll debris being spewed from

the contact art.a. Tht* condition el the GCRC pad su_acc Mter

_ueh :1 :-liding cxp *sure _as signtllem_tl) differeht from that

shown in Fig ,_. Exposed fibers art' tib',-it)us in the 8EM

photograph_ of l.hg. in. Art, nmrkabh, feature of the GCRC

inatcrta[ bhowll ill tht,st, phutograilh:_ i_ tie: ver:f irregular,

shal'p-t.0,tled ftbt,r el_._.,; section. The lack of any coherent

shear l,t 3 t.r un tilt" pad sliding surlace ix go_;d evideuee that

l'lL_r eXl_uro altunatcly leads tu th_ disruption of thin layer.

l'hv ._hal)_, t)! the fibt, t-_ at=d the high nechanieal strength assam-

elated with them wt,dd t'nabh! them to act as p_tentially abra-

sive ¢'tllxr+tittll,nt_ on th,, pad sartace.

The surfac_ condition of the graphite-cloth-reinforced

disk wa_ aimtlar to that of the pad after the incidence of heavy

wear. A 10O-_m- (4xl0-3-tn.-) deep wear track was formed

on this disk, which ix extremely slgnltlcant in view of the tin-

measurably small di_k wear observed after sliding against

other carbon-graphite materials. Perhaps the use of graphite-

cloth-rduiforced compo_,ites in high-energy friction applica-

tions would benefit from the development of a specially formu-

lated wear surface which would be integral with the reinforced

substrate.

The wear of tilt. boronated graphite material, against both

the 17-22 AS steel "Ja_d graphite-cloth-rehfforced disk mate-

rials, was comparable to that of the CG-HB baseline material.

This is somewhat unexpected in view of the low mechanical

strength of the boronated graphite and the relatively high wear

shown by the standard carbon graphite with B4C additions

(CG-BC). The extremely soft graphite must have cffectivcly

lubricated the sliding interface. There was no indication of

abrasive disruption of the surface. The only surface features

that can be related to wear are the presence of surface pits,

as shown in Fig. II.

in one instance, very severe wear to the boronated graph-

itc pad was observed. This wan a case in which the boronated

graphite was subjected t( sliding against a graphite-cloth-

rettfforced disk following heavy wear to the disk after sliding

against GCRC pad material. The wear to the boronated graph-

ite pads was clearly abrasive, and over half of the pad thick-

ness was worn away before fracture occurred. This happened

after about 5 seconds of _iding. One further test in which

CG-HB was slid agai_st the same graphite-cloth-reinforced

composite disk showed similar results. Heavy abrasive wear

to the CG-ttB pad mad disk was observed.

Effect of S'iC additions. - The friction Ix?harlot of the

graphite/_iC eomposites in contact with 17-22 AS disks was

strongly dependent on SiC concentration, as may bc seen i_l

Table II. Only the 15'_.5iC composition showed a coefficient of

friction comparable to that el the other carbon-graphite based

materials, the friction cocffieients of the 40_{,8iC formulation

being about twice as high. The friction coefficients indicated

h_ Table II were measured after 15 seconds of sliding, and

were rapidly rising for the 40::,SIC material. The l_,SiC ma-

terial showed vet 5 Stead)' friction over the entire 15 second

exposure.

Wear results for the graphltc-SiC comlx)sltes arc summa-

rized in Fig. 6, arld comp,_red wlth the wear of CG-HB (typify-

In_, t|u, |x,rformance of the eari_m praphite materials). Again,

only the 19_ SiC eont|xlsitinn sh_t'd wear comparable _o that

nI the carLx)n graphitt, materials. The higher SiC cnnct,ntra-

tiou material showt'd one or two (_]t'l'S of mat,mitt+de higher

wear thml the typical t'ar',_)n graphites, in addition, _evert,

scoring cf the 17-22 AS disk resulted Ir_)m sliding again,_t

4lEt, SiC material, with islands of trml_h, rred disk material

prestmt on the pad surfaces. It apl_,ars that ._it: additions to

a graphltle matrix adver_ly Idh.et {riction performance, but

that a low etmct, ntratien (<t_{) of SiC might be desirable fn)m



the st_ldpoh_t of improved oxidation retlstm_ce.

CONCLUSIONS

Ba_ed oil the resuk_ ot friction _md weal, _xperih_ent_ on

_nle carbon-graph,to lnateritd ,_y_tems thr lollowing eonclu-

SIOIIS Were drawn:

1. Generally, the carb_n-graphitc m_tertal_ demon_tr_sd

the ix_tential l'or conslderable hlcrease in brake wear life com-

pared to the copper based composite materials currently used.

2. It was generally observed that smooth friction and low

wear depended on maintaining a eontlnaous oriented graphitio

shear layer on the slidLug surface of the carbon-graphlte pad.

3. The effect of binder level appeared to be as follows:

a. Decreasing the binder level from 70 to 60 parts

per 100 parts liller resulted in increased wear, which

eorrelatcd with a decrease in mechanical strength.

b. Further decreasing _he binder level to 45 parts

per X00 parts iilter brought about a decrease izl wear

rate despite further strength reductions. This was

thought to be related to the more graphitic structure of

the low-binder-level formulation, with the associated

improvements in graphite shear layer formation mxd oxi-

datlol_ l'eSist_mce.

4. The addition of fine graphite fibers to the filler of the

baseline carbon-graphite material re_ulted in a reduction in

wear rate against both disk materials.

5. When boron carbide (B4C) was added to the baseline

carbon-graphite formulation, a marked increase in wear rate

was observed as a result of sliding against the t7-22 AS steel

disk material.

6, The graphite-cloth-reinforced composite eMfibited the

lowest _eat r:_tc of '.tit tile carbon-graphite _olal_ulations

against the 17-22 AS steel disk mltterml, l(_wever, an tin-

stable frictioil _uld wear transition was observed when sliding

was against the graphitc-eloth-rcufforced coinposite disk ma-

terial; hea_. wear m)d erratic huction re_ulted.

7. The beronated graphite material, though much softer

m_d weaker than tilt, otht'r experimental carbon graphites,

showed wear rates m_d frictional behavior comparable to

those of the baseliue material

,_. Additlon,_ of 15 percent or lc_s SiC to graphite based

matermls (m the term of CVD compot_ite_) might be consid-

ered as an attractive appl'o:teh to improving oxidation trod ere-

sion rt'si._t:mcv s_ tthout ,_e%-et'vly c_m_pronxizing friction _a_d

Weal" perforlnanct'.
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Figure 2. - Friction data obtained from carbon graphite - high binder
tCG-HB) stidin(j against a 17-22 AS steel disk under indicated con-

ditions.
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(a)Overviewof blistered_rea. (b)Enclosedregionin (a).
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(c) ,rc]closedregionm (b).

Figure4. - Surfaceof c.lrl}orlgraphite- towbinder(CG-LL_after I mimJteof sliding :_Ramsta 17-22ASsteelchskat 26m sec
(_,3ft secl_mrlerar_ormalloadof 4?2N (95 Ibf).
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(a)Appearanceof generalsurface. (b)Enclosedregionin (a)showingfiber segment.

- •

(c_Expandedv_ewof fiber sl_o;_.,_lI_l(b).

Figure7. - Surfaceof carbongraphite- fine fibers(Cfi-FF1after two30-seco_,dsliding exi)ns_tes,a_anst ,_27-22ASsteel diskat
26¢resec (83 f[ sec)under,1normalloadof 422rl (95Ibf).
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Figure 9. - Friction data obtained from graphite-cloth-reinforced
composite IGCRC)sliding against a graphite-cloth-reinforced-
composite disk under a normal load of 382 N 66 Ibf).
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(a) Area of exposed fiber sLrLlcture.
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(b) Region in (a) st]owing fiber structure of reinforcingcloth.

(c/Enclosed reoioi_m (_/.

Figure lO. - Surf,_ceof graphite-cioth-reilfforced coml;osfte (GCRC}after sliding a_.mlst a prall te-c ot _-rei_forcerdisk in
sumJlated-stop- speed-vlriahon tesl show_lin fi,qure]0.
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